Abstract
Cytochrome c oxidase is an intricate metalloprotein that transfers electrons from cytochrome c to oxygen in the last step of the mitochondrial respiratory chain. It uses the free energy of this reaction to sustain a transmembrane electrochemical gradient of protons. Site-directed mutagenesis studies of bacterial terminal oxidases and the recent availability of refined crystal structures of the enzyme are rapidly expanding the understanding of the coupling mechanism between electron transfer and proton translocation. In contrast, relatively little is known about the assembly pathway of cytochrome c oxidase. Studies in yeast have indicated that assembly is dependent on numerous proteins in addition to the structural subunits and prosthetic groups. Human homologues of a number of these assembly factors have been identified and some are now known to be involved in disease. T o dissect the assembly pathway of cytochrome c oxidase, we are characterizing tissues and cell cultures derived from patients with genetically defined cytochrome c oxidase deficiency, using biochemical, biophysical and immunological techniques. These studies have allowed us to identify some of the steps of the assembly process.
Structure and function of cytochrome c oxidase
Cytochrome c oxidase is the terminal component of the mitochondrial respiratory chain and is embedded in the inner membrane of the organelle. The enzyme channels electrons from cytochrome c into oxygen. The four protons consumed in the reduction of one oxygen molecule are taken from the matrix; coupled to this reaction is the translocation of four additional protons across the membrane to the intermembrane space. Thus the free redox energy is converted into a trans-are present in all aerobic organisms. These oxidases contain either a haem 0 or a haem A moiety at their active site. Both haems differ from protohaem in having a farnesyl group instead of a vinyl group on position 2 of the porphyrin ring. In addition, in haem A, the methyl on position 8 of the porphyrin ring is replaced by a formyl group PI * Resolution of the crystal structure of bovine cytochrome c oxidase has shown that the mammalian oxidase consists of 13 polypeptide subunits (I, 11, 111, IV, Va, Vb, VIa, VIb, VIc, VIIa, VIIb, VIIc and VIII) in equimolar amounts, and is present as a dimer in the membrane with limited contact between the monomers [3]. T h e three major subunits (I, I1 and 111) are encoded by mitochondrial DNA (mtDNA) and synthesized on mitochondrial ribosomes. T h e remaining subunits are nuclear gene products. T h e mtDNAencoded subunits are considered to be crucial for the catalytic functions of the enzyme because they bear the redox-active prosthetic groups and are homologous to cytochrome c oxidase subunits found in proteobacteria such as Paracoccus denitri-$cans and Rhodobacter sphaeroides [1,2]. Subunit I is a bundle of 12 a-helices spanning the bilayer. Subunits I1 and I11 are both associated with the transmembrane region of subunit I but there is no direct contact between them. Subunit I1 is anchored to the membrane with an N-terminal a-helix hairpin; its polar C-terminal domain protrudes into the intermembrane space. Subunit 111 is composed of seven transmembrane helices connected with short loops. T h e redox groups involved in electron transfer are two copper centres (Cu, and Cu,) and two haem A moieties ( a and a3). Subunit I co-ordinates the haem a and CUB-haem a3 binuclear centres, whereas the Cterminal domain of Because subunit I11 is not located in the direct vicinity of the CUB-haem a3 cluster [3,4], these observations suggest that subunit I I I participates in long-range interactions that are crucial for preserving the structural integrity of the active site during turnover.
In mammals, the ten subunits encoded in the nucleus are bound to the surface of the core of mtDNA-encoded subunits [3]. Subunits Va and Vb are extramembrane proteins located on the matrix side. The extra-membrane subunit VIb is in contact with the intermembrane space surface of both monomers and is likely to stabilize the dimeric structure of the enzyme [ll]. T h e other subunits of nuclear origin span the bilayer once. T h e transmembrane a-helix of subunit VIa interacts with subunit 111 of one monomer; its Nterminus is associated with subunit I of the other monomer. Thus, like subunit VIb, subunit VIa might have a role in stabilizing the dimer.
T h e recent availability of refined crystal structures [3,4] has given a new stimulus to site-directed mutagenesis experiments of bacterial terminal oxidases aimed at understanding the coupling mechanism between electron transfer and proton translocation. However, whereas significant progress has been made on the structure and catalysis of the enzyme [12], the assembly process of the complex has remained relatively unexplored.
Assembly: what has been learnt from yeast?
T h e structure of cytochrome c oxidase from the yeast Saccharomyces cerevisiae closely resembles that of its mammalian counterpart [1,13]. Genetic studies of this facultative aerobic organism have identified many nuclear genes that are involved in the assembly process. Null strains for homologues of the mammalian subunits IV, Va, Vb, VIc or VIIa show a complete loss of cellular respiration, cytochrome c oxidase activity and the absorption bands corresponding to haem aa3 [14,15]. Consequently, these subunits are assumed to be essential for assembly or stability of the complex [l].
Disruption of the subunit VIb gene results in an approx. SOYo decrease in haem A incorporation and an 85-95 yo decrease in enzyme activity [16] .
Nevertheless, the subunit can be removed from the complex with retention of cytochrome c oxidase activity [13, 17] . These results indicate that subunit VIb is essential during assembly but has no major role in the homeostasis or activity of the oxidase. Analysis of null mutants of yeast has further indicated that the homologues of the mammalian subunits VIa and VIIc are not required for assembly of the complex itself but are needed for optimal activity of the enzyme [18, 19] .
Biogenesis of cytochrome c oxidase does not depend only on the presence of its subunits and prosthetic groups. Studies in yeast have identified a remarkably large number of factors that are important for the correct assembly of the structural constituents. Some of these factors act in a general manner and also affect the biogenesis of other mitochondrial respiratory complexes. Among these are proteins that have a function in mitochondrial protein import or sorting. Other mitochondrial proteins, belonging to the AAA family of ATPases, have a chaperone function and also control the clearing of unassembled and improperly folded polypeptides in the various mitochondrial subcompartments [20] . In addition to these more globally acting factors, several proteins have been identified that are specifically required for the assembly of cytochrome c oxidase. These include factors involved in haem farnesylation (CoxlOp) [21, 22] 
Assembly: what can be learned from patients?
Cytochrome c oxidase deficiency can arise from mutations of either the mitochondrial or nuclear genome. Somatic cells contain thousands of copies of mtDNA. Mutant mtDNA molecules usually co-exist with wild-type mtDNA in the cell, a phenomenon known as heteroplasmy. Mutations in the mitochondrial cytochrome c oxidase genes are rare. Nevertheless, mutations in each of the three genes have been identified [31-351. Two patients have been reported with different mutations in the gene for subunit I that are predicted to lead to major C-terminal truncations of the polypeptide [32, 33] . Immunological experiments have indicated that these truncations of subunit I result in a marked decrease in steady-state levels of subunits I1 and VIc, whereas subunits 111, IV and Va are relatively spared [32, 33] . Similarly, immunoblots of experimental cells devoid of mtDNA have demonstrated that, in the absence of the mtDNA-encoded subunits, the expression levels of subunits IV and Va are much less affected than that of subunit VIc [36] . T h e X-ray structure of the holoenzyme shows that subunit IV interacts with subunit Va and that both subunits interact with subunit I [3] . Subunits IV and Va might already be associated and folded in a more or less native state before assembly with subunit I, making them less prone to proteolytic degradation by the mitochondrial AAA proteases.
We have studied a patient with a heteroplasmic mis-sense mutation in the subunit I1 gene [34] . This mutation, which is present at high mutant loads in the patient's muscle, changes a methionine residue in the middle of the first Nterminal transmembrane a-helix of subunit I1 to a lysine residue. This replacement of an uncharged residue with a basic residue is likely to interfere with the anchoring of the polypeptide within the membrane and with the subsequent assembly of the enzyme. Immunoblot analysis of muscle revealed a profound decrease in levels of subunits 11, 111, Vb, VIa, VIb and VIc, whereas subunits I, IV and Va were only marginally affected [34] . However, although apo-(subunit I) levels were present at near-normal levels, spectral analysis demonstrated a drastic decrease in subunit I-associated haem u3 levels [34] . Taken together, the results suggest that a structural association of subunit I1 with subunit I is necessary to secure binding of the haem u3 group to apo-(subunit I). This conclusion was recently supported by a study of a R. sphueroides subunit 11-null mutant. Free subunit I that contained a single haem A could be isolated from the strain but the active site containing CUB-haem u3 was not assembled [6] .
A transmitochondrial cell line (cybrid) carrying 100 yo mutated mtDNA from a patient with a heteroplasmic frame-shift in the gene for subunit I11 displayed a cytochrome c oxidase activity of approx. 15 % of that of control cell lines [35] . T h e frame-shift is predicted to truncate subunit I11 just C-terminal of the third transmembrane ahelix (helix 111). Helices I and I11 of subunit I11 are associated with subunit I, whereas the other five helices show no direct contact with subunit I, although helix IV interacts with subunit VIa [3] .
Immunoblot analysis of the cell line demonstrated normal levels of subunits IV, Va and VIc; levels of subunits I, 11, Vb and VIb were slightly affected and subunit VIa was barely detectable [35] . Blots of native gels indicated that a partly assembled complex was formed at low levels that included subunits I, 11, IV and Va [35] . As the levels of partly assembled enzyme were similar to those of residual cytochrome c oxidase activity, these results suggest that the frame-shift mutation does not affect the activity of the oxidase but does prevent the incorporation of subunit VIa and decreases the stability of the complex. Spectral analysis confirmed an absence of haem uu3 from patient material. Immunoblotting revealed a mild decrease in subunits I, IV, Va, Vb, VIa and VIb, a more marked decrease in subunits I11 and VIc, and an almost complete lack of subunit 11. These results suggest that subunit I is quite stable in the absence of its haem A prosthetic groups and that it might already be embedded in the membrane and associated with some of the other subunits, such as subunits IV and Va. T h e low levels of subunit I1 suggest that the assembly of subunit I1 with subunit I occurs after haem A incorporation.
Mutations T h e elementary function of S U R F l in the assembly of terminal oxidases is further supported by the fact that a homologous gene is present in the quinol oxidase (cytochrome bu,) operon of P. . This suggests a role for S U R F l in the maturation of subunit I, for example as a mono-oxygenase involved in the synthesis of the formyl group of haem A. Mutations in the SCOl and SC02 genes have been associated with neonatal cytochrome c oxidase deficiency [40, 42] . Homologous genes were identified earlier in yeast and were shown to be suppressors of a mitochondrial copper targeting defect caused by a mutated COXl 7 gene [26] . T h e yeast S C O l and SC02 protein products (Scolp and Sco2p) are localized in the mitochondrial inner membrane and are thought to have overlapping but not identical functions [26] . Recent results indicated that Scol p provides copper to the Cu, site [27, 28] , whereas an unrelated innermembrane protein, COXl l p , delivers copper to the Cu, site [30] . In contrast with yeast scol-null strains, yeast sco2-null strains are not deficient in cytochrome c oxidase; the function of Sco2p in copper trafficking is not clear [26] . T h e human SCOl and SCO2 genes are paralogous rather than orthologous to the yeast genes, i.e. the gene duplications occurred independently in the two lineages [40] . Mutations in human SCOZ cause a severe cytochrome c oxidase deficiency in heart and muscle but liver and fibroblasts are less affected [40] . Immunohistochemistry of muscle revealed severely decreased levels of subunits I and 11, whereas subunits IV and Va were moderately affected [40] . A mutation in human SCOl has also been shown to cause a severe cytochrome c oxidase deficiency in muscle [42] , indicating that both SCOl and SC02 are necessary for the biogenesis of cytochrome c oxidase in this tissue.
Putative assembly pathway
On the basis of the results discussed here and the constraints dictated by the X-ray structure of the bovine enzyme, we propose an assembly pathway for human cytochrome c oxidase (Scheme 1). Previously, four steps (Sl-S4) were defined in metabolic labelling experiments of human cultured cells [46] . T h e first subcomplex (S2) comprises subunits I and IV. Subunit Va might be part of this subcomplex, given the remarkable stability of this subunit in the absence of one or more of the mtDNA-encoded subunits. Metabolic labelling experiments with rat mitochondria have indicated that subunit I assembles with subunits I1 and 111 only after a lag period of 1.5 h [47] . We assume that during this time subunit I is folded into the inner membrane and that concurrently the haem a moiety is buried inside the protein.
Synthesis of haem A from protohaem requires the inner-membrane protein COX10 [21] . Thus synthesis of this prosthetic group occurs at the site of use and COX10 might transiently associate with subunit I. T h e inner-membrane protein S U R F l is possibly also involved in haem A synthesis or in the folding of subunit I and might similarly be temporarily bound to the subunit. Haem A promotes the binding of subunit I with subunit I1 [48] . In the next step, the CUB-haem a, centre of subunit I is formed and, simultaneously, subunit I1 associates with subunit I to stabilize the active site. We assume that the Cu, centre of subunit I1 is also created at this phase. It is possible that the Cu, centre of subunit I is generated at a later stage, because it has been shown that a R. sphaeroides cox1 I -null mutant accumulates significant levels of a complex of subunits I, I1 and 111, containing haem ua3 and Cu, but not Cu, [30] . As indicated by studies in yeast, SCOl and/or S C 0 2 are probably involved in copper transport to the Cu, site but these proteins might also facilitate copper transfer to the Cu, site in concert with COXl 1. T h e small copper chaperone COX17 is likely to shuttle copper from the cytosol to the intermembrane space [23-251. In the final steps of the assembly, subunits 111, Va, Vb, VIb, VIc, VIIb, VIIc and VIII become part of the subcomplex (S3) [46] . T h e monomeric enzyme (S4) is formed when subunits VIa and VIIa have bound to subunit I I I. Dimerization completes the assembly of cytochrome c oxidase. 
